ABSTRACT Below the thermotropic chain-melting transition, lipid membrane c P traces display a transition of low enthalpy called the lipid pretransition. It is linked to the formation of periodic membrane ripples. In the literature, these two transitions are usually regarded as independent events. Here, we present a model that is based on the assumption that both pretransition and main transition are caused by the same physical effect, namely chain melting. The splitting of the melting process into two peaks is found to be a consequence of the coupling of structural changes and chain-melting events. On the basis of this concept, we performed Monte Carlo simulations using two coupled monolayer lattices. In this calculation, ripples are considered to be one-dimensional defects of fluid lipid molecules. Because lipids change their area by ϳ24% upon melting, line defects are the only ones that are topologically possible in a triangular lattice. The formation of a fluid line defect on one monolayer leads to a local bending of the membrane. Geometric constraints result in the formation of periodic patterns of gel and fluid domains. This model, for the first time, is able to predict heat capacity profiles, which are comparable to the experimental c P traces that we obtained using calorimetry. The basic assumptions are in agreement with a large number of experimental observations.
INTRODUCTION
The lipid pretransition is a low enthalpy transition below the chain-melting transition of lipid membranes (Rand et al., 1975; Suurkuusk et al., 1976) . It is linked to the formation of periodic ripples on the membrane surface, usually with periods in the range of 100 -300 Å, depending on the lipid (Janiak et al., 1976) . In some systems, ripple periods up to 1000 Å were found (Brown et al., 1995; Meyer et al., 1996) . In the presence of cholesterol, the ripple spacing may become very large (Mortensen, 1988) . The range of ripple phase stability spans from the pretransition up to the main transition. Below the pretransition and above the main transition, the membrane surface is planar and the ripples disappear.
The pretransition is considerably less cooperative than the main transition. Its half width is in the range of 1-2°, whereas the main transition has a half width of ϳ0.05°(in DPPC multilayers [Heimburg, 1998] ). The temperature interval between pre-and main transition apparently is chainlength dependent. In phosphatidylcholines, it decreases from ϳ10°for DMPC, to 7°for DPPC, 3.1°for DSPC, and 1.2°for the analogue with C 20 -carbon chains (Jørgensen, 1995) . For longer chains, the pretransition disappears (or merges with the main transition).
The pretransition seems to depend on the vesicular state of the lipids. Multilayers display a pretransition, which is clearly distinguishable from the main chain-melting transition. The pretransition, however, can also be found in unilamellar systems (Lichtenberg et al., 1984; Meyer, 1996) where it is broader and less separated from the main transition (Heimburg, 1998) . In unilamellar systems, the heat capacity in between the two transitions is found to be above the baseline level. Both transitions seem to represent one continuous event. Furthermore, a pretransition event has been found in asymmetric unilamellar bilayers (Czajkowsky et al., 1995) .
The occurrence of the pretransition is dependent on the lipid headgroup. Phosphatidylethanolamines (McIntosh, 1980; Kodama and Miyata, 1996) and glucolipids (Hinz et al., 1985) do not display a pretransition, whereas it is clearly visible in the c P -traces of phosphatidylcholines and phosphatidylglycerols (Rand et al., 1975) . The detection of the pretransition is sensitive to the addition of various biomolecules. Cholesterol affects the ripple periodicity and lowers the pretransition temperature in DMPC (Mortensen et al., 1988; Matuoka et al., 1994) . The pretransition is abolished upon the addition of gramicidin S (Prenner et al., 1999) , cannabinoids (Mavromoustakos, 1996) , sphingosine (Koiv et al., 1993) , ursodeoxycholate (Tomoaia-Cotisel and Levin, 1997) , various anesthetics (Engelke et al., 1997) , and ceramides (Holopainen et al., 1997) . There are indications that the absence of the pretransition in DPPC-membranes containing anesthetic steroids may be the consequence of an extreme broadening such that it is not evident in heat capacity (c p )-traces but is visible by other means (Mavromoustakos et al., 1997).
The formation of ripples is dependent on hydration and does not occur in dehydrated lipid membranes. The ripple phase seems to be better hydrated than the planar membrane phases (Inoko and Mitsui, 1978; Janiak et al., 1979; Doniach, 1979; Parsegian, 1983; Cevc, 1991; Scott and McCullough, 1993; Bartucci et al., 1996; Krasnowska et al., 1998; Le Bihan and Pezolet. 1998) . Vice versa, the formation of the ripple phase results in an osmotic stress (Perkins et al., 1997) .
X-ray crystallography indicates that lipids are packed into a triangular lattice in both the gel state and the ripple phase, whereas it is disordered in the fluid L ␣ phase (Janiak et al., 1979) . This result is supported by atomic force microscopy experiments (Hui et al., 1995) . The lipid chains are tilted in the gel state of phosphatidylcholine membranes but are not tilted in the gel state of phosphatidylethanolamine (McIntosh, 1980) , suggesting that the tilt may be linked to the formation of the ripple phase.
In the pretransition, most or all thermodynamic variables change, including enthalpy (e.g., Rand et al., 1975) , volume (Nagle and Wilkinson, 1978) , area (Evans and Kwok, 1982) , and chain order parameter (Heimburg et al., 1992;  see Fig. 1 ). Spectral changes in the pretransition can be seen in fluorescence data (Binder and Dittes, 1987; Epps et al., 1997; Krasnowska et al., 1998) , ESR (Tsuchida and Hatta, 1988; Heimburg et al., 1992) , and infrared experiments (Le Bihan and Pezolet, 1998) . In freeze fracture electron microscopy and atomic force microscopy, the ripples can be directly visualized (Sackmann, 1995; Czajkowsky et al., 1995; Meyer, 1996; Meyer et al., 1996) . The ripples introduced above the pretransition seem to display both symmetric and asymmetric cross-sections (Woodward and Zasadzinski, 1996; Rappolt and Rapp, 1996; Cunningham et al., 1998; Bota and Kriechbaum, 1998) , depending on sample history. It is not clear whether they are in thermal equilibrium. This is further complicated by the fact that the pretransition is very slow (Lentz et al., 1978; Lichtenberg et al., 1984) .
The models in the literature are mainly grouped into two classes. Mean field or Landau models use the interplay of the elastic constants (Doniach, 1979; Lubensky and MacKintosh, 1993) and statistical thermodynamics models using vertical degrees of freedom, or tilt angles (Georgallas and Zuckermann, 1986; Scott and Pearce, 1989; McCullough and Scott, 1990; McCullough. 1991, 1993) . Scott and McCullough (1993) reviewed other models, which use the variation of the bilayer thickness. One should mention an interesting paper by Marder et al. (1984) following an idea comparable to our model outlined below.
Here a mean field model has been used, coupling membrane curvature to periodic variations of gel-and fluid-rich regions close to the chain-melting regime. A similar idea has been expressed by Leibler and Andelman (1987) , who used a coupling of hydrocarbon state with membrane curvature to rationalize the stability of membrane undulations. Although these models may, in part, explain the existence of membrane ripples, they are not satisfactory because they fall short of explaining the pretransition or being able to determine the heat capacity profile of this transition. Furthermore, they do not predict the experimentally observed changes in thermodynamic observables such as excess heat, volume, or area, and they usually make no connection between the pretransition and the main transition. Therefore, one has to conclude that the phenomenon of the pretransition is still not well understood.
The microscopic model presented here differs from all recent models because it considers the transition behavior of individual lipid molecules in two coupled monolayers in a statistical thermodynamic manner. It is assumed that the pretransition is linked to the melting of the lipid chains and that the membrane ripples consist of fluid lipid line defects. By necessity, the pre-and main transitions are coupled in this model. The changes of the thermodynamic observables are a natural result of the calculation. Furthermore, the model allows us to calculate heat capacity profiles that are comparable to experimentally observed heat capacity traces.
MATERIALS AND METHODS
Dipalmitoyl phosphatidylcholine was purchased from Avanti Polar Lipids (Birmingham, AL) and used without further purification. Heat capacities FIGURE 1 Melting profiles of DMPC multilamellar vesicles. Top: DSC trace. Bottom: Spectral line height of electron spin resonance spectra, using a 5-DMG spin label (adapted from Heimburg et al., 1992) . The spectral line height is inversely related to an order parameter. Thus, the ESR results indicate a reduction in order of both pre-and main transition. The insert shows a freeze fracture picture electron micrograph of DMPG vesicles in the ripple phase region (from Schneider et al., 1999) . Ripple periods are ϳ280 Å. 120°angles between ripples of different orientation are found.
were recorded on an MC2-calorimeter and a VP-calorimeter from Microcal, Inc. (Northampton, MA) at scan rates of 5°/h and 1°/h. Extruded vesicles were made using a Lipofast extruder (Avestin Inc., Ottawa, Canada) using a polycarbonate filter with pore sizes of 100 nm.
THEORY
Lipid molecules in the gel state are organized in a solid ordered state-usually on a triangular lattice (Janiak et al., 1979; Hui et al., 1995) . At the melting transition, the crystalline order is lost and the lipid chains become fluid disordered.
Lipids increase their area in the transition regime by about 24% (for DPPC : Heimburg, 1998 ). In the literature, this melting process has been modeled by different models, using from two lipid conformational states (Sugar et al., 1994; Heimburg and Biltonen, 1996) to ten lipid conformational states (Pink et al., 1980; Zhang et al., 1992a; Zhang et al., 1993) . The strong cooperativity of the transition is modeled by nearest neighbor interactions. In any of those models, lipid domains of different states are formed during the melting process.
Let us assume that the lipid lattice is triangular with three principal axes. The area increase during the melting process disrupts the lattice order if individual lipids melt independently (Fig. 2) . Such an event shall be called a point defect. However, if local point defects arrange themselves linearly along a lattice direction, the resulting line defect does not disrupt the crystal order (Fig. 2) . We conclude, therefore, that line defects must be energetically favored over uncorrelated point defects. In the following, we will approximate the melting process of a monolayer by allowing only line defects and neglecting individual point defects. This approximation reduces a model calculation of monolayer melting to a one-dimensional problem. In the triangular lattice, there are three possible easy planes, corresponding to the three principal crystal axes that display 120°angles. Interestingly these angles are often seen in electron micrographs showing the relative arrangements of the ripples (e.g., Meyer, 1996; Fig. 1, insert) .
Let us further assume that a bilayer is constructed from two monolayers with opposing lattice sites. Because of the area increase of the lipids, a close contact of two monolayers creates a strong correlation on the arrangement of defects in both monolayers. This topological constraint is usually neglected in membrane models, although intermonolayer coupling has been discussed before (Zhang et al., 1992b; Hansen et al., 1998) . Actually, the only defects that are consistent with maintaining triangular order on both monolayers are line defects that propagate along the same principal axis in both monolayers. Thus, in the following, we will assume that fluid lipid line defects are aligned in both monolayers and we treat the defect-formation process of the lipid bilayer as a one-dimensional problem of two coupled monolayers.
The assumptions outlined above are based on the formation of line defects on two opposing monolayers with triangular lattice packing. Clearly, the occurrence of a line defect in one monolayer leads to an asymmetry of area across the bilayer and, as a result, to a local curvature that is a function of the local area difference (Fig. 3) . Assuming, for DPPC, an area change from ϳ50 Å 2 to 60 Å 2 and a membrane thickness of 47 Å (Heimburg, 1998) , one obtains a local radius of curvature of ϳ200 Å. Our model will be based on the assumption that this local curvature-caused by an asymmetry of fluid lipid line defects-is the origin of ripple formation. In the Discussion section, it will be shown that many experimental facts justify this assumption.
In the following section, we outline a simple model that attempts to combine the experimental results described above with the concept of fluid lipid line defects. This model is basically a one-dimensional Ising (or Doniach) model with two coupled monolayers. The Hamiltonian of the two coupled monolayers is composed of several terms. The first term, H chain , is just the sum of the chain enthalpies of all lipid molecules from the two monolayers A and B,
where i A,B ϭ 1 for fluid lipids in layer A or B, i A,B ϭ 0 for gel lipids in layer A or B, m is the number of lipids per line defect, and i is the lipid index along the one-dimensional lattice.
Lattice models require a term to introduce cooperativity. This is usually done by the introduction of an interaction term between gel and fluid lipids (unlike nearest neighbors) (e.g., Sugar et al., 1994) . The enthalpy contribution H NN is thus the sum of all unlike nearest neighbor interactions on both monolayers A and B with an individual value gf (Fig. 4 a) :
When a membrane segment is curved, unlike nearest neighbors possess a different lipid environment depending on whether they are located on the inner or on the outer monolayer (Fig. 4 b) . This implies that unlike nearest neighbor interactions may be different in a gel-like than in a fluid-like environment because, in the first case, gel-fluid contacts are located on the outer monolayer and, in the latter case, on the inner monolayer, and are thus differently exposed to solvent. We take this into account by assuming that the nearest neighbor interaction is slightly different on the inner than on the outer monolayer. This has been implemented by introducing a (solvent-dependent) term w solv such that the unlike nearest neighbor interactions on the outer layer are given by gf ϩ solv , and, on the inner layer, they are given by gf Ϫ solv . The overall solvent-dependent term is defined to be the sum over all local gel-fluid asymmetries of the membrane segment,
with
The introduction of a local curvature leads to the interesting problem of whether it is compatible with the overall vesicular topology. Clearly, in a closed vesicle, the local curvatures, if integrated over the whole vesicle, have to maintain the closed topology of the membrane. This leads to the necessity that, on both sides of the membrane, one finds about the same number of line defects. Locally, however, the distribution of line defects is not necessarily homogeneous and may allow for local curvatures. Curvature fluctuations may even lead to changes in shape. In multilayers, the topological constraints are much stronger, because each membrane segment is encaged by adjacent bilayers (Fig.  5 a) , such that local curvature fluctuations are hindered (Helfrich, 1978) . Macroscopic changes in shape or macroscopic curvature changes are inhibited. Within the limits given by the interbilayer distance, the number of line defects on both monolayers is locally constrained. One may envision the local constraint by the restriction of curvature fluctuations between two hard walls. As shown in Fig. 5 b, this automatically introduces a correlation length, which, in the framework of this model, is linked to the formation of periodic membrane ripples. We will now phenomenologically introduce a harmonic potential that depends on the difference of line defects within a given correlation length of 2 ⅐ l ϩ 1 line defects around a lipid line defect at site i:
This term creates the ripple periodicity. It is constructed such that, in an interval of i Ϫ l to i ϩ l around the lattice site of index i, a configuration with an equal number of fluid line defects on both sites is energetically favored. An asymmetry of defects is given an energy penalty proportional to the square of the difference of the number of defects. The constant ␣ of this harmonic potential defines the strength of the potential and is assumed to have a larger value for multilayers than for unilamellar systems. It will be shown below that such a potential in the Hamiltonian favors periodic solutions with a period of (2l ϩ 1) lattice sites. The correlation length 2l ϩ 1 has to be chosen such that it corresponds to experimentally observed ripple spacings. Taking a lipid diameter to be 7 Å, l ϭ 20 corresponds to a ripple spacing of roughly 300 Å, a value found in DMPG membranes. The overall Hamiltonian energy is the sum of the four terms introduced above,
The distribution of states for a given temperature is explored with a Monte Carlo simulation based on a Metropolis algorithm (Metropolis et al., 1953) . The bilayer matrix is constructed to consist of two coupled one-dimensional layers, A and B, with periodic boundary conditions. Each point on the lattice corresponds to a line of m gel or fluid lipids. A lattice point on either side of the bilayer is chosen randomly. For this lipid, the decision whether a lipid will be gel or fluid in the next step is taken by calculating an equilibrium constant for this lipid,
where 
) are the equilibrium constants for a line defect at position i on monolayer A or B. The probability of this lattice site to be a line of fluid lipids is then determined P f ϭ K/(1 ϩ K). A random number, RAN, between zero and one is generated. If P f Ͼ RAN, the lipid is chosen to be in the fluid state, if P f Ͻ RAN, it is chosen to be in the gel state in the next step (see Procedure in Heimburg and Biltonen, 1996) . Because this calculation is designed to be one-dimensional, all m lipids in one line are switched simultaneously. The chain entropy ⌬S ϭ ⌬H/T m is determined from experimental results (for DPPC: ⌬H ϭ 8.7 kcal/mol, T m ϭ 314.5 K).
RESULTS
The above model has been used to calculate heat capacity profiles. Fig. 6 a displays where m is the number of lipids per line defect. The computer lattice contained 1000 sites on each monolayer, adopting periodic boundary conditions. Typically, each site was visited 10 4 -10 6 times during the Monte Carlo procedure. Because DPPC bilayers display a melting enthalpy of ϳ8.7 kcal/mole, the number of lipids in a line defect corresponds to m ϳ 6. This number, however, should not be taken too seriously, because we neglected finite length effects of the line defects in the model and assumed an all-or-nothing melting along the line defect.
The c P -profile for the above set of parameters displays two peaks (Fig. 6 a) . The first maximum is broad and extended, whereas the second maximum is pronounced and cooperative. The heat capacity between the two maxima does not decrease back to the baseline but assumes a higher value, indicating ongoing transition events. In the following, we will assume that the lower peak in the simulation corresponds to the lipid pretransition, whereas the upper peak is the cooperative main transition. In Fig. 6 b, three representative Monte Carlo snapshots are given, one below the pretransition, one between pre-and main transition, and one above the main transition. These figures have been constructed from the Monte Carlo lattices assuming an area difference of ϳ20% between a gel and a fluid lipid, and a membrane thickness in the range of 47 Å. Local interbilayer asymmetries of gel and fluid lipids are assumed to result in a local curvature. The snapshot below the pretransition represents a system where both monolayers are predominantly in the gel state and the membrane is nearly symmetric, and therefore flat. The same is true for the snapshot above the main transition, where both monolayers are predominantly in the fluid lipid state. The snapshot in the intermediate temperature regime, however, displays gelfluid lipid coexistence, where fluid and gel domains are ordered into a periodic pattern. This pattern is superimposed on the domain structure by the harmonic potential corresponding to the geometric constraints, which were described in the Theory section (Eq. 4). It is quite obvious from this simulation that the change in the membrane geometry, i.e., the formation of membrane ripples, results in a splitting of the chain-melting transition into an extended regime with two maxima at the lower and upper temperature limit. However, this complex behavior is just a consequence of the melting of the lipid chains.
Overall, the model depends on six parameters. The melting enthalpy, ⌬H, and the melting temperature, T m (or ⌬S ϭ ⌬H/T m , respectively) can easily be determined from calorimetric data. The roles of the four other parameters, the potential ␣, the in-plane cooperativity gf , the interaction with solvent solv , and the ripple periodicity 2l ϩ 1, are more indirect. The magnitude of the potential a defines how strongly confined surface curvature fluctuations are. In Fig.  7 (top) , theoretical results are given for increasing values of ␣, corresponding to stronger surface confinement. An increasing value for ␣ leads to a sharpening of both the preand the main chain-melting reaction, whereas the splitting between both transitions increases. The simulation results were compared with experimental curves of DPPC vesicles prepared by three different procedures: large unilamellar vesicles prepared by ultrasonication by extrusion, and multilamellar vesicles prepared by dispersion of the lipid in distilled water without further treatment (Fig. 7, bottom) . These data were adapted from Heimburg (1998) . Multilamellar vesicles consist of multilayer stacks that lead to confinement of out-of-plane fluctuations (Helfrich, 1978) . Unilamellar vesicles, in contrast, display no bilayer-bilayer interactions, and out-of-plane fluctuations are therefore less confined. In this case, the geometric confinement is smaller, but it does not disappear as long as the membrane maintains a defined shape (for example, a sphere) in which only those curvature fluctuations are allowed that maintain the closed topology. The behavior of the experimental vesicular systems given in Fig. 7 (bottom) is very similar to the simulation results. Again, stronger confinement leads to enhanced apparent cooperativity for both the pre-and the main chainmelting transition. Note that, in the center panels of both the calculations (Fig. 7, top, center) and the experiments (extruded large unilamellar vesicles, Fig. 7, bottom, center) , the excess heat capacity is not zero in the temperature interval between pre-and main transition.
Besides the magnitude of the potential ␣, there are three model parameters that determine the Hamiltonian energy of the membrane states: gf , solv , and the ripple periodicity 2l ϩ 1. The effect of the latter three parameters on the heat capacity profiles is demonstrated in Fig. 8 . The in-plane interaction parameter, gf , will favor the formation of domains of gel or fluid line defects in each monolayer. Its increase leads to a similar result as the increase of the surface confining potential, ␣. Both the pre-and the main transition become progressively more pronounced (Fig.  8 a) . The interaction of a curved membrane segment with the aqueous solvent, solv , results in an asymmetry of the heat capacity profile. In Fig. 8 b, it is shown that, for solv ϭ 0, both pre-and main transition display similar areas and cooperativity. Progressively more negative values for solv lead to a broadening of the pretransition and an increased cooperativity of the main transition. The location of both transitions on the temperature axis is unaffected. The ripple periodicity, finally, is artificially superimposed on the membrane system by the exact formulation of the surface-confining harmonic potential (Eq. 4). An increase in the ripple periodicity leads to more pronounced pre-and main transition peaks and to an increase of the temperature interval between pre-and main transition (Fig. 8 c) .
It should be noted that the influences of change in the parameters gf , solv , ripple periodicity, and ␣ on the heat capacity profiles are, in part, counteractive. For example, the in-plane cooperativity, gf leads to an increase of the tendency to form large domains of gel or fluid lipid. The ripple period, in contrast, stabilizes the fixed-size domains with half the ripple period in the intermediate temperature regime (Fig. 5) .
DISCUSSION
Here, we present a model for the lipid pretransition that is based on the assumption that the pretransition is associated with the chain-melting process. The formation of membrane ripples is assumed to be a consequence of the formation of gel and fluid lipid domains in the individual monolayers, which, for geometrical and topological reasons, are forced to arrange periodically on the surface. Although the model is simple and the calculation is based on an Ising-like model, it leads to a surprising similarity between calculated heat capacity traces and experimental results. This model is the first to be able to describe the complete heat capacity profile found experimentally. It is distinctly different from other models found in the literature because it considers both pre-and main melting transition as being part of the chain melting. Therefore, in the framework of this model, the pre-and main transition are coupled. The formation of periodic membrane ripples is found to be a consequence of steric intermonolayer interactions and geometric constraints. Thus, an isolated monolayer is predicted not to FIGURE 7 Comparing experimental data with simulations. Top: Heat capacity profiles at four different values for the harmonic potential amplitude ␣ that depends on structural boundary conditions. Except for the harmonic potential amplitude ␣, all other parameters are equal to those in Fig. 6 a. Upon increasing the potential, both main and pretransition become more pronounced. Bottom: Experimental heat capacity data of DPPC vesicles from preparations yielding different vesicular geometries. Sonicated large unilamellar vesicles (left), extruded large unilamellar vesicles and multilamellar vesicles (adapted from Heimburg, 1998) . The calculations and the experimental data display very similar behavior. Multilamellar stacking corresponds to a large amplitude ␣ for the harmonic potential.
display ripple formation. This may be the reason why ripple formation is not found on a Langmuir trough.
Our model is based on the simplifying assumption that the ripple state originates from the formation of one-dimensional fluid line defects along the principal axis of a triangular lattice. Kato and Kubo (1997) concluded from T-jump experiments that the growth of the ripple edges occurs one-dimensionally along one of the lipid axes, supporting our hypothesis.
The hypothesis that, during the pretransition chain, melting takes place is supported by a large number of experimental observations. First, there is the heat and volume change in both pre-and main chain-melting transition. The ratio of enthalpy and volume changes is on the same order in both transitions (Nagle and Wilkinson, 1978; Heimburg, 1998) . This notion is also supported by the finding that preand main chain-melting transition temperatures display a similar pressure dependence (Maruyama et al., 1996; Ichimori et al., 1997 Ichimori et al., , 1998 . Changes in chain order in the pretransition have been found in ESR measurements (cf. Fig. 1 ; Tsuchida and Hatta, 1988; Heimburg et al., 1992; Cruz et al., 1998) and in solid-state NMR. Because these methods are sensitive not primarily to changes in static order but rather to changes in the chain mobility, this is a clear indication for a melting process in the pretransition range. In FTIR experiments, the CH-stretching and CH 2 -wagging vibrations were monitored, and changes in pretransition and in main transition were found, which are comparable to the changes in enthalpy of the two transition (Le Bihan and Pezolet. 1998) . In electron microscopy, it has been found that, in the pretransition, gauche conformers are introduced into the lipid chains (Meyer, 1996) . Furthermore, it has been found that the permeability of the lipid membrane for acetic acid displays discontinuous steps both in the pre-and the main chain-melting transition (Xiang and Anderson, 1997) . Krasnowska et al. (1998) found that special fluorescent labels, which partition well into the fluid phase but not into the gel phase also partition into the ripple phase, suggesting that this phase has some fluid-like characteristics. One important finding from our simulations is that the excess heat capacity is not zero in between the pre-and the main transition (Fig. 6) as is observed in calorimetric experiments (Fig. 7) . This is in agreement with the calorimetric data of Blume (1983) , who reported that the excess heat capacity in the PЈ b-phase is ϳ400 cal/mol⅐deg higher than in the L a -phase (for DMPC and DPPC multilayers).
The dependence of the two transitions on the model parameters (Figs. 7 and 8 ) suggest that pre-and main transitions change their cooperativity in a similar manner if one of the parameters is changed. This is clearly a consequence of the prerequisite that they are both consequences of one single physical process. This is in agreement with the observation that unilamellar vesicles display less cooperativity for both transitions as compared to multilamellar vesicles (Fig. 7) . The model contains one parameter that takes care of preferential hydration forces on the ripple phase (Inoko and Mitsui, 1978; Janiak et al., 1979; Doniach, 1979; Parsegian, 1983; Cevc, 1991; Bartucci et al., 1996; Perkins et al., 1997; Krasnowska et al., 1998; Le Bihan and Pezolet. 1998) . The origin of these forces may be due to head-group polarity and size. Phosphatidylethanolamines are difficult to disperse in aqueous buffer, and they do not display a pretransition (McIntosh, 1980) . The basic idea of our model is similar to that of an earlier paper by Doniach (1979) , who considered ripple formation as the consequence of the competition between head-group ordering favored by elastic forces and a favorable headgroup hydration in the ripple state. The present model implicitly takes into account that the curvature fluctuations (and therefore the elasticity) of membranes are high in the transition regime (Hønger et al., 1994; Lemmich et al., 1997; Heimburg, 1998) , favoring the formation of the ripple phase.
The model presented here introduces an important concept into the description of chain-melting transitions. Because chain melting is coupled to changes in volume and area, structural changes are superimposed on the transition. Although intermonolayer coupling was introduced in lattice models before (Zhang et al., 1992b) , the geometric problems caused by area changes have usually not been taken into account seriously. Hansen et al. (1998) used a mean field approach, which contained similar elements as the model proposed here. It also was designed to couple structural changes to curvature fluctuations, using a potential that confines the global geometry. Papers by Marder et al. (1984) and Leibler and Andelman (1987) follow similar approaches, coupling fluid-gel coexistence with periodic undulations. Those models, however, do not attempt to describe the pretransition in detail or to predict heat capacity profiles.
As long as lipids are arranged on a regular lattice, only a very limited number of gel and fluid lipid arrangements in three-dimensional space are possible, the ripple phase being one of them. If lipids are not arranged on lattices, other geometry changes may be possible. Recently, a transition between lipid vesicles to a bilayer network in the melting regime of DMPG dispersions has been found (Heimburg and Biltonen, 1994; Schneider et al., 1999) . Interestingly, in this system, the heat capacity profile also splits into a more complex melting behavior with two pronounced maxima. We claim that this is not by accident. Rather, the coupling of chain melting and a structural change results in a splitting of the melting peak by necessity.
Finally, one should add that, due to the simplicity of our model, it falls short of explaining some details of the ripple phase. The ripple periodicity is a parameter of the calculation and does not automatically drop out of the theory. Rather, it has been chosen to be comparable with experimental results. Because the model contains no tilt axis, it cannot explain asymmetric ripples. Furthermore, our model may overestimate the overall excess heat of the pretransition, which is usually in the range of 10 -20% of the overall excess heat of melting. This is due to the simplifying description of the geometric boundary condition described in Eq. 4. However, in mixtures of DMPC and DMPG, a pretransition has been found that even displays a similar enthalpy to the main transition (Bayerl et al., 1990 ; cf. Fig.  8 b) . In experiments, however, the exact enthalpy of the pretransition is not easily accessible because it depends very sensitively on the exact shape of the baseline over a large temperature interval. It is quite likely that it is usually underestimated.
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